Thymocytes and thymic dendritic cell (DC) lineages develop simultaneously and may originate from a common intrathymic progenitor. Mice deficient for two growth factor receptor molecules [c-kit and the common cytokine receptor ␥ chain (␥c)] lack all thymocytes including T cell progenitors. Despite this lack of pro-T cells, thymic DC compartments were identified in c-kit ؊ ␥c ؊ mice. Thus, c-kit-and ␥c-mediated signals are not essential to generate thymic DCs. In addition, pro-T cells do not appear to be obligatory progenitors of thymic DCs, because DC development is dissociated from the generation of thymocytes in these mice. Thymic DCs in c-kit ؊ ␥c ؊ mice are phenotypically and functionally normal. In contrast to wild-type mice, however, thymic DCs in c-kit ؊ ␥c ؊ and, notably, in RAG-2-deficient mice are CD8␣ neg/low , indicating that CD8␣ expression on thymic DCs is not independent of thymocytes developing beyond the ''RAG-block.''
T hymic dendritic cells (DCs) reside in the medulla and at the cortico-medullary junction, where they display antigenic peptides to T cells undergoing repertoire selection. In the adult thymus, DCs account for Ϸ0.1% of all hematopoietic cells. DCs are of bone marrow origin, and they are commonly assigned to the myeloid lineage. DCs can be generated in vitro from bone marrow or peripheral blood-derived progenitors under myeloid growth conditions, e.g., in the presence of granulocyte͞monocyte colonystimulating factor, tumor necrosis factor-␣, or IL-3, indicating that at least some DCs are myeloid cells (reviewed in refs. [1] [2] [3] . An additional view has been proposed, i.e., that subsets of DCs might be closely related to or descendants of the lymphoid rather than the myeloid lineage. In support of this idea, adoptively transferred intrathymic progenitors can generate donor-type thymic and splenic DCs. Moreover, T and DC lineages are turned over in parallel (''linked development'') (4, 5) . Lymphoid progenitors, and mature T and DC lineages share several markers; for instance, both pro-T cells and thymic DCs express Sca-1, Sca-2, and, notably, c-kit. Like some T cells, subsets of thymic and splenic DCs express CD8␣ (reviewed in refs. 6 and 7). Thus, DC populations can be phenotypically heterogeneous, and DC subtypes may represent distinct lineages and͞or functional stages.
Null mutations in the genes for both c-kit and the common cytokine receptor ␥ chain (␥ c ) completely abrogate thymocyte development. In these mutants, thymocytes were undetectable by flow cytometry and by histology (8) .
Here, we show that pro-T cell populations defined by expression of c-kit and CD25 are present only in single-mutant (c-kit Ϫ ␥ c ϩ or c-kit ϩ ␥ c Ϫ ) but are missing from double-mutant (c-kit Ϫ ␥ c Ϫ ) thymi. Given that T lineage cells were undetectable, we searched for other hematopoietic cells in c-kit Ϫ ␥ c Ϫ thymi. Notably, thymic DCs were identified as the major and almost exclusive hematopoietic cell type present in these mutants. Here, these thymic DC populations are characterized in terms of cell number, phenotype, intrathymic location, and function.
Materials and Methods
Mice. Mice lacking c-kit (9) , ␥ c (10) , or c-kit ϩ ␥ c were genotyped as previously described (8) . All experiments were performed on postnatal 5-day-old mice because c-kit Ϫ mice die Ϸ10 days after birth because of severe anemia (9) . mAbs and Flow Cytometry. mAbs used were: HL3 (anti-CD11c), 53-6.7 (anti-CD8␣), 3C7 (anti-CD25), R35-95 (rat IgG2a isotype control), and 104-2.1 (anti-CD45) (all from PharMingen); M1͞ 70.15 (anti-Mac-1) and 5a-8 (anti-Thy-1) (both from Caltag, South San Francisco, CA); and ACK-4 (anti-c-kit) (11) . Second-step reagent was streptavidin-APC (Molecular Probes). When required, propidium iodide was used at 5 g͞ml to gate out dead cells. Cells were stained and analyzed [FACStar (Becton Dickinson)] or sorted [FACSCalibur (Becton Dickinson)] as previously described (8) .
Histological Analysis. Immunohistology was performed as previously described (12) . Primary mAbs used were MTS10 (undiluted supernatant) (13) and phycoerythrin-labeled HL3 (1:50 dilution). Second-step reagent was goat-anti-rat IgG (1:50 dilution) (Southern Biotechnology Associates).
Isolation of Thymic DCs. Thymi were digested with collagenase dispase (Roche Molecular Biochemicals) (1 mg/ml)͞DNase I (Sigma) (0.5 mg͞ml) in PBS͞5% FCS for a total of 60 min rotating at 37°C with the addition of fresh enzyme after 30 min. Cell surface expression of CD45 and CD11c was resistant to this treatment. For analysis of CD8␣ expression, thymus tissues were digested with collagenase D (Roche) (1 mg͞ml) with DNase I. In contrast to collagenase dispase treatment, collagenase D digestion does not affect CD8␣ expression (data not shown).
To measure absolute numbers of DCs, each thymus was weighed and digested individually as described above, and CD45 Thymocyte numbers are reduced Ϸ30-fold in ␥ c Ϫ and Ϸ5-fold in c-kit Ϫ single-mutant mice, but are undetectable by cell counting or histology in c-kit and ␥ c double-mutant mice (8) . Because the developmental block found in c-kit (14) , the earliest thymocyte compartments were analyzed. The CD3 Wild-type and mutant thymi were analyzed for the presence of progenitors defined by forward scatter (FSC)͞side scatter (SSC) analysis and expression of Thy-1, CD25, and, when possible, c-kit (Fig. 1) . Most c-kit (Fig. 1 A, R1 ). Thy-1 expression is up-regulated in CD25 ϩ thymocytes (Fig. 1G, R3 ), and this population falls into the same FSC͞SSC gate as c-kit ϩ thymocytes (Fig.  1B, R1 ). In contrast, more mature Thy-1
1G, R4) are small lymphoid cells, most of which fall out of the progenitor size gate (Fig. 1C) . c-kit ϩ thymocytes were also found in single-mutant mice lacking only ␥ c , and CD25 ϩ thymocytes were present in c-kit Ϫ ␥ c ϩ mice (data not shown). All of these populations satisfied the scatter criteria for wild-type progenitors (data not shown). In marked contrast, CD25 ϩ thymocytes were absent from double-mutant thymi ( Fig. 1 D and H) , and cells apparently staining for Thy-1 (Fig. 1H, R4 ) neither fell into the progenitor gate nor overlapped with the pattern found for small lymphoid cells (Fig. 1  C vs. E) . We cannot directly demonstrate that c-kit
progenitors are lacking. However, the fact that cells with progenitor scatter properties and phenotype (lack of Thy-1) were undetectable suggests that pro-T cells are, indeed, absent.
Thus, by histology, cell counting, and flow cytometry, we concluded that the thymus in c-kit Ϫ ␥ c Ϫ mice is devoid of lymphoid cells. In previous analyses, however, clonal rearrangements at the TCR-␤, TCR-␥, and TCR-␦ loci were detectable in some doublemutant mice (14) . Because we failed to detect RAG mRNA in c-kit Ϫ ␥ c Ϫ thymi (data not shown), it is not clear whether these rare TCR recombination events reflect true intrathymic or, alternatively, extrathymic rearrangements. At such low levels, TCR rearrangements have also been identified previously in extrathymic sites such as fetal blood, fetal liver, and fetal gut (reviewed in ref. 14) . Collectively, despite the presence of single TCR rearrangements, all evidence points to the absence of the earliest intrathymic progenitors in c-kit Thymi isolated from 5-day-old wild-type and mutant mice were compared by using these markers (Fig. 2 ). In the wild-type thymus, stromal cells (CD45 (Fig. 2 A) . The proportion of stroma and DC vs. thymocytes increased as thymocyte cellularity decreased in mice lacking either c-kit (Fig. 2B ), or ␥ c (Fig. 2C) alone. In all of these strains, Ͼ70% of all cells were thymocytes.
In c-kit Ϫ ␥ c Ϫ mice, the stroma component was, as expected, greatly enriched (85% in c-kit Ϫ ␥ c Ϫ mice vs. 3% in wild-type mice). It is interesting that thymic DCs, defined by their CD45 ϩ CD11c ϩ phenotype, were the second most prominent population (Fig. 2D) absolute numbers of thymic DCs are discussed below). The vast majority (Ͼ80%) of the small fraction (Ͻ3%) of the remaining hematopoietic cells (CD45 ϩ CD11c Ϫ phenotype) (Fig. 2D ) could be assigned to the monocytic͞macrophage lineage as shown by staining for Mac-1 (Fig. 2E) . Collectively, these data demonstrate that DCs are the major hematopoietic cell type in the c-kit (Fig. 3) . Thymi were digested, and numbers of DCs were determined as shown in Fig. 2 . Lack of c-kit or ␥ c or both receptors causes a roughly parallel decline of both thymus weight and DC cell number. Such a correlation was not observed for RAG-2 Ϫ/Ϫ thymi, which, at this stage in development, harbor approximately normal numbers of thymic DCs although the weight is reduced approximately threefold. In adult RAG-1 Ϫ/Ϫ mice, however, a massive drop (Ϸ10-fold) in absolute thymic DC numbers has been reported (7). Collectively, DC numbers depend primarily on thymus size in young c-kit and ␥ c single and double mutants and in adult RAG mutants.
Failure to Properly Organize Thymic Epithelium into Cortical and Med-
ullary Zones Alters Thymic DC Compartmentalization. Thymic DCs are normally located in the medulla and at the cortico-medullary junction. The alymphoid thymus in the c-kit Ϫ ␥ c Ϫ mouse lacks a regular medulla͞cortex organization (14; see also below). The intrathymic location of DCs in double-mutant mice was examined histologically (Fig. 4) . Staining for MTS10, a marker of medullary epithelium (13) , showed a well-developed medullary zone in the postnatal-day-5, wild-type thymus (Fig. 4A, MTS10 staining in green). MTS10 ϩ medullary epithelium was surrounded by MTS10 Ϫ cortex. Staining for CD11c identified thymic DCs (Fig. 4A, CD11c staining in red), many but not all of which resided in close proximity to MTS10 ϩ medullary epithelium. In the c-kit Ϫ ␥ c Ϫ thymus, the patterns of both MTS10 and CD11c stainings were altered (Fig. 4B) . First, MTS10 ϩ medullary epithelium failed to form medullary clusters. Second, single or small clusters of CD11c ϩ thymic DCs were distributed throughout the thymus. Thus, the distribution of DCs in the c-kit Ϫ ␥ c Ϫ thymus does not resemble medulla-associated DC clusters in the wild-type thymus. . Because absolute numbers of thymic DCs were much reduced in c-kit Ϫ ␥ c Ϫ mice (Fig. 3) , we next determined whether both myeloid and lymphoid DC phenotypes were present in c-kit Ϫ ␥ c Ϫ mice. Thymic DCs were analyzed for expression of CD45, CD11c, and either Mac-1 (CD11b) or CD8␣ (Fig. 5) . As shown before in Fig. 2 (Fig. 5A ) and double-mutant mice (Fig. 5B) . Further analysis showed that the CD45 CD11c (A-D) , or CD45 vs. Mac-1 (E) to distinguish thymic stroma (CD45 Ϫ CD11c Ϫ ) from thymocytes (CD45 ϩ CD11c Ϫ ) and DCs (CD45 ϩ CD11c ϩ ). Thymocytes are the major cell population in wild-type (A), single c-kit (B), and single ␥c (C) mutants. CD45 Ϫ CD11c Ϫ stromal cells and CD45 ϩ CD11c ϩ DCs are strongly enriched in c-kit Ϫ ␥c Ϫ mice (D) (stroma: Ϸ85% in c-kit Ϫ ␥c Ϫ vs. Ϸ3% in wild-type mice; DC: Ϸ12% in c-kit Ϫ ␥c Ϫ vs. Ϸ1% in wild-type mice). In double-mutants, cells gated as CD45 ϩ CD11c Ϫ are mostly monocytes (CD45 ϩ Mac-1 ϩ ) (E). Fig. 3 . Correlation of thymus mass and absolute numbers of DCs per thymus in wild-type (‚), c-kit Ϫ ␥c ϩ (}), c-kit ϩ ␥c Ϫ (OE), c-kit Ϫ ␥c Ϫ (s), and c-kit ϩ ␥c ϩ RAG-2 Ϫ (E) mutants. Postnatal-day-5 thymi from 22 mice of the indicated genotypes were individually analyzed for weight in milligrams and for the total number of DCs that were quantified by FACS as shown in Fig. 2 . For c-kit and ␥c mutants, the number of DCs is roughly proportional to the thymus mass, rather than genotype. For RAG-2 mutants, the weight is reduced approximately threefold whereas the number of DCs is comparable with wild-type mice.
satisfying these criteria were found in both wild-type and c-kit 
Next, CD8␣ expression, a marker reported to allow discrimination of lymphoid from myeloid DC phenotypes (7), was analyzed on lymphoid (CD45 (Fig. 5I) . Such loss of CD8␣ on lymphoid thymic DCs was not observed in ␥ c (Fig. 5H ) or c-kit (Fig. 5J) (Fig. 5K) , surprisingly, thymic DCs from RAG-2 Ϫ/Ϫ mice were CD8␣ neg/low (Fig. 5L) .
Collectively, thymic DCs from c-kit Ϫ ␥ c Ϫ mice include both lymphoid and myeloid DCs, with regard to their CD11c high Mac-1 Ϫ/low and CD11c Ϫ ␥ c Ϫ mice appeared normal in relative numbers, subset composition, and, with the exception of CD8␣ expression, cell surface phenotype. Therefore, we next determined whether DCs from double-mutant mice were also functionally indistinguishable from wild-type DCs. Characteristically, DCs are very potent stimulators of mixed-leukocyte reactions (19) . c-kit and ␥ c double-mutant mice were generated from crosses of mouse strains WB (H-2 (Fig. 6) . DCs from wild-type (data not shown) or c-kit 6B) were potent stimulators. C-kit Ϫ ␥ c Ϫ thymic DCs behaved indistinguishably in this assay, i.e., at Ն250 DCs per culture, maximum plateau level T cell proliferation was induced (Fig. 6C) . Thus, thymic DCs from c-kit Ϫ ␥ c Ϫ mice were as competent at mixed-leukocyte reaction induction as DCs from wild-type or single-mutant mice.
Discussion
Our data support four main conclusions: (i) thymic DCs can develop independently of c-kit-and ␥ c -mediated signals, (ii) development of thymic DCs can be dissociated from the generation of thymocytes and their progenitors, (iii) CD8␣ expression on thymic lymphoid DCs is not independent of thymocytes developing beyond the RAG-block, and (iv) the distribution of DCs in the c-kit Ϫ ␥ c Ϫ thymus, which lacks proper epithelial organization, is altered.
Thymic DCs Can Develop in the Absence of c-kit-and ␥c-Mediated Signals.
Because of the absence of thymocytes (see below), relative numbers of thymic DCs (and thymic epithelium) were significantly increased in single and, more dramatically, in double mutants (Fig. 2) . However, the ratio of stroma to DCs was variable: In wild-type controls and in c-kit single mutants, the stroma:DC ratio was Ϸ2, but this ratio was elevated to 6-7 in ␥ c single or double mutants (Fig.  2) . Although all mutants were clearly permissive for thymic DC development, this altered stroma:DC ratio in ␥ c mutants could imply that DC development is not completely unaffected by lack of ␥ c . Comparison of absolute numbers of DCs to thymus mass, however, suggests that DC numbers depend on the thymus mass rather than the genotype in these mutant strains (Fig. 3) . At this stage in ontogeny (postnatal-day 5), such correlation was not observed for the RAG-2 Ϫ/Ϫ thymus, which showed an approximately threefold reduction in thymus weight but no decrease in total DC numbers. However, in adult RAG-1 Ϫ/Ϫ mice, a 10-fold reduction in DC numbers has been reported (7). The basis for this delayed effect of thymus size on DC numbers in RAG-deficient mice when compared with the growth factor mutants remains to be determined.
The finding that thymic DC development can proceed in the absence of either c-kit-or ␥ c -mediated signals is noteworthy because candidate progenitors for thymic DCs (see below) such as circulating hematopoietic stem cells or the most immature intra- Moreover, thymic progenitors with DC potential are responsive in vitro to cytokine cocktails containing c-kit ligand and IL-7 in addition to IL-1␤, IL-3, IL-4, tumor necrosis factor, and granulocyte͞monocyte colony-stimulating factor. Omission of c-kit ligand reduces DC colony formation from thymic progenitors by Ϸ50%. If granulocyte͞monocyte colony-stimulating factor is omitted from the cytokine cocktail, DC development becomes IL-7 dependent in vitro (21) . In line with these studies, roles for IL-2 (22) or IL-7 (23) in DC development have been proposed. Based on these reports and on the notion that even mature thymic DCs express c-kit (24, 25) , c-kit-or ␥ c -mediated signals in thymic-DC development had to be considered. Our data show that these growth factor receptors are not critical for thymic DC development in vivo. In contrast to c-kit, the flk-2͞flt-3 tyrosine kinase can affect DC development because injection of flk-2͞flt-3 ligand into mice leads to greatly increased DC numbers (26) . It is not known whether DCs are affected in flk-2͞flt-3 Ϫ/Ϫ mice (27) .
Thymic DCs and Thymocytes Can Be Developmentally Dissociated. DC and T cell lineages are turned over in parallel (24) , and no mouse mutant was known in which DC but not T cell development was permissive. Mice expressing a dominant negative Ikaros protein (Ikaros C-terminal Ϫ/Ϫ mice) lacked both thymocytes and DCs. In contrast, true Ikaros-null mice, in which only postnatal but not prenatal thymocyte development was permissive, showed DC development, albeit at reduced levels (28) . Thus, thymocyte development per se might be required for DC development. Data from c-kit Ϫ ␥ c Ϫ mice now reveal that this is not the case. A similar conclusion was derived from other T cell-deficient mice in which thymocyte development is blocked at later stages when compared with c-kit Ϫ ␥ c Ϫ mice (7) . If the absence of a normal pro-T cell compartment does not preclude the generation of thymic DC populations, what is the developmental origin of thymic DC populations? In addition to hematopoietic stem cells, early intrathymic progenitors contain potential for thymic DCs (4, 5) . One CD4 low progenitor generated Ϸ500 thymocytes. In marked contrast, approximately two CD4 low progenitors were required to give rise to one DC (4, 5, 24) . Thus, the CD4 low progenitor population generates Ϸ1000-fold more T lineage cells than DC progeny. Because intrathymic transfer is a very efficient method of thymus seeding (29) , these quantitative analyses of precursor-product ratios could reflect the in vivo potential of the CD4 low population.
Each thymus rudiment in c-kit Ϫ ␥ c Ϫ mice harbored Ϸ1 ϫ 10 3 -2 ϫ 10 3 DCs (Fig. 3) . Considering the numbers discussed above, one should have expected to find on the order of 2 ϫ 10 3 -4 ϫ 10 3 pro-T cells per thymus. Because 1 ϫ 10 3 to 2 ϫ 10 3 DCs were readily detectable (Fig. 2) , it is unlikely that a comparable number of progenitors escaped our analyses. However, such cells were not identified. Hence, the generation of both myeloid and lymphoid DC populations, each with normal cellularity compared with thymus mass, was not affected by the absence of pro-T cell compartments. We cannot rule out that very few as yet undetected progenitors are present in the double-mutant thymus. If such progenitors gave rise to thymic DCs, they would have done so very efficiently, unlike the known CD4 low cells. Clearly, on a per-cell basis, pro-T cells are not essential to generate thymic DCs. Such a T-cell-independent, nonlymphoid progenitor pathway could also produce thymic DCs in normal mice. . In ␥ c single mutants, lymphoid DCs were CD8␣ ϩ , whereas CD8␣ expression was reduced in c-kit single mutants. In addition, we also tested the possibility that absence of more mature, i.e., CD8-expressing thymocytes might play a role for CD8␣ expression on thymic DCs. As proposed previously for CD4 or Thy-1 (5), DCs may acquire surface expression by passive pickup from surrounding thymocytes. The reduction in CD8␣ expression by DCs may reflect the difference between authentic CD8␣ expression (seen in c-kit Ϫ ␥ c Ϫ ) and endogenous plus passive CD8␣ expression (seen in the wild type). This idea is strongly supported by the fact that thymic DCs are CD8␣ neg/low in RAG-2 Ϫ/Ϫ mice. In these mutants, all potential DC progenitor populations are expected to be present in normal numbers (30) . Lack of CD8␣ expression on thymic DCs in RAG-2 Ϫ/Ϫ mice most likely indicates the absence of the CD8 marker on DCs rather than absence of the entire lymphoid DC compartment. In contrast to our findings, Shortman et al. have reported that Ͼ90% of thymic DCs from adult RAG-1 Ϫ/Ϫ mice are CD8␣ ϩ (7). It remains to be determined whether these discrepancies are due to the age of the RAG-deficient mice analyzed (postnatal vs. adult). Of note, DCs generated in vitro from thymic progenitors (under conditions not permissive for thymocyte development) satisfied the criteria for lymphoid DCs, but lacked CD8␣ (21) . By combining in vivo (RAG-2 Ϫ/Ϫ ) and in vitro evidence, CD8␣ is not an inevitable marker of the lymphoid origin of thymic DCs.
DCs Were Distributed Throughout the c-kit ؊ ␥c ؊ Thymus Without Major
Cluster Formation. Although no mechanisms are known to account for the normal tissue distribution of thymic DCs predominantly in the medulla and at the cortico-medullary junction, our data indicate that thymic DC development can proceed independently of the physiological intrathymic location of DCs. Thymic DCs do not appear to undergo extensive local proliferation (which should have been evident as DC foci), suggesting that thymic DCs are generated from circulating DC progenitors that colonize the thymus stroma without further cell division. Future work must focus on further delineation of hematopoietic pathways leading to DC development. 
